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Venomous animals from distinct phyla such as spiders, scor-
pions, snakes, cone snails, or sea anemones produce small toxic
proteins interacting with a variety of cell targets. Their bites
often cause pain. One of the ways of pain generation is the acti-
vation of TRPV1 channels. Screening of 30 different venoms
from spiders and sea anemones for modulation of TRPV1 activ-
ity revealed inhibitors in tropical sea anemoneHeteractis crispa
venom. Several separation steps resulted in isolationof an inhib-
iting compound. This is a 56-residue-long polypeptide named
APHC1 that has a Bos taurus trypsin inhibitor (BPTI)/Kunitz-
type fold, mostly represented by serine protease inhibitors and
ion channel blockers. APHC1 acted as a partial antagonist of
capsaicin-induced currents (32 � 9% inhibition) with half-max-
imal effective concentration (EC50) 54 � 4 nM. In vivo, a 0.1
mg/kg dose of APHC1 significantly prolonged tail-flick latency
and reduced capsaicin-induced acute pain. Therefore, our
results canmake an important contribution to the research into
molecular mechanisms of TRPV1 modulation and help to solve
the problem of overactivity of this receptor during a number of
pathological processes in the organism.

During the evolutionary process, different poisonous ani-
mals combined a set of bioactive compounds in their venoms
used mainly to paralyze prey and/or as a defense against pred-
ators (1, 2). Bites of these creatures may induce inflammation,
pain, tissue necrosis, allergic reactions, and neurotoxic effects
such as convulsions, paralysis, respiratory failure, and cardio-
vascular stroke (3). Numerous toxic peptides are found within
these venoms, and some of them can discriminate between
closely related cellular targets that make them attractive for
drug development and scientific use (4). Molecules accounting
for lethal and inflammation effects of venoms have been exten-

sively characterized, but less is known about the properties of
other compounds. We concentrated on searching the com-
pounds able to reduce TRPV12 conductivity. These receptors
are expressed in mammalians in small and medium size dorsal
root ganglion neurons and are localized in peripheral and cen-
tral neuronal system (5–7). At present, it is accepted that
TRPV1 receptors are molecular integrators of pain stimulus
and initiate neuronal response during inflammation. Experi-
ments with knock-out mice lacking the gene of vanilloid recep-
tor clearly demonstrate its role in pain perception (8, 9). Since
vanilloid receptor had been disclosed and cloned in 1997, it
became an object of numerous investigations as a potential tar-
get for novel drugs against pain of different origin (10). As
recently reported, vanillotoxins from a tarantula Psalmopoeus
cambridgei directly activate TRPV1 in micromolar concentra-
tions, causing pain effect in the sameway as capsaicin does (11).
Venoms of several jellyfish also seem to interact with TRPV1,
knocking down its desensitization (12). A number of smallmol-
ecules were synthesized that selectively inhibit TRPV1 in nano-
molar concentration in vitro, and some of themhave significant
in vivo effects (13). Two acylpolyamine toxins fromAgelenopsis
aperta spider venom were shown to inhibit TRPV1 channels
from the extracellular side (14).
The search of selective and potent polypeptide antagonists

acting extracellularly has not been successful until now. We
have found a sea anemone polypeptide representing the first
polypeptide inhibitor of TRPV1. This compound, named anal-
gesic polypeptide HC1 (APHC1), had analgesic effect during in
vivo experiments.
Various Conus peptides have reached human clinical trials,

and one is already approved as a commercial drug for intracta-
ble pain. All these peptides act through distinct mechanisms,
none of which is opioid-based (15). It was also reported that
peptide APETx2 from the sea anemone Anthopleura elegan-
tissima inhibits acid-sensing ion channel 3 (ASIC3), which
takes part in the transduction of acid-induced pain and hyper-
algesia (16). Now, novel TRPV1 peptide inhibitor APHC1 from
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sea anemoneHeteractis crispa enriches the toolbox for pain and
inflammation study and control.

EXPERIMENTAL PROCEDURES

Polypeptide Purification—Polypeptide isolation was per-
formed from lyophilized 70% ethanol extract ofH. crispa nemato-
cysts collected on a littoral zone of Seychelles islands. Crude
polypeptide fractionwas produced by hydrophobic chromatogra-
phy on a Polychrom-1 (ChromLab, Moscow, Russia) 7 � 30-cm
column by stepwise gradient of ethanol. Chromatography profile,
gradient condition, and active fraction elution time are shown on
Fig. 1, 1st stage. Further separation steps included cation exchange
chromatography, first on a Bio-Rex 70 (Bio-Rad) 2.5� 60-cm col-
umn equilibratedwith 5mM ammonium acetate buffer, pH 4.5, in
a linear gradient NaCl (Fig. 1, 2nd stage) and then on an SP-Seph-
adex C-25 (Amersham Biosciences) 2.5 � 40-cm column in the
same ammoniumacetate buffer (Fig. 1, 3rd stage). Elution of com-
pounds on stage 3 was performed in the ascent NaCl concentra-
tion accompanied with a linear gradient of pH from 4.5 to 7.3 just
afterhalf of separationprocess.Thenext stageof active compound
isolation was carried out on a reverse-phase column Jupiter C5
(Phenomenex) 4.6 � 150 mm in a linear gradient of acetonitrile
concentration in the presence of 0.1% trifluoroacetic acid (Fig. 1,
4th stage).
Mass Spectrometry—Separated fractions, as well as purified

polypeptides, were analyzed by matrix-assisted laser desorp-
tion ionization (MALDI) time-of-flight mass spectrometry to
determine fraction composition or final product purity.
MALDI-LR (Waters Corp.) and Ultraflex TOF-TOF (Bruker
Daltonik GmbH, Bremen, Germany) spectrometers were used.
Tandem mass spectrometric (MS/MS) analysis was performed
according to the manufacturer’s guidelines.
Amino Acid Sequence Analysis—N-terminal sequencing was

carried out by automated stepwise Edman degradation using a
Procise model 492 protein sequencer (Applied Biosystems)
according to the manufacturer’s protocol. Cysteine residues
were reduced and alkylated by 4-vinyl pyridine to determine
their sequence position and improve a yield of conversion prior
to analysis.
Determination of APHC1 Precursor—Total RNA was puri-

fied using RNAwiz (Ambion, Canada) as directed by the man-
ufacturer’s protocols. First strand cDNA was synthesized from
5 �g of total RNA by reverse transcriptase SuperScript II
(Invitrogen) following the protocol recommended (17). Rapid
amplification of cDNA ends was carried out using the universal
primer T7cap (5�-GTAATACGACTCACTATAGGG CAA
GCA GTG GTA ACA ACG CAG AGT-3�) and a gene-spe-
cific degenerated primers Ing1 (5�-ATA TGT CTA GAA CCT
AAR GTN GTN GG-3�), Ing2 (5�-CCT AAG GTT GTA GGA
CCN TGY CAN GC-3�) for 3�-terminus determina-
tion (3�-RACE), and IngR (5�-GGC ATG CAC GCA GGG
TCTC-3�) for 5�-terminus determination (5�-RACE).Taq Plat-
inumpolymerase (Invitrogen)was used for chain amplification.
DNA sequencing was carried out on ABI PRISM 3100-Avant.
APHC1 Gene Synthesis—The DNA encoding APHC1 was

constructed from five synthetic oligonucleotides using the PCR
technique. The target PCR fragment was amplified using for-
ward primer AL (5�-GGAATTCC ATG GGT TCT ATC TGC

CTG GAA CCG AAA GTT GTTG-3�) containing EcoRI
restriction enzyme site (underlined), Met-codon for BrCN
cleavage, and reverse primer AR (5�-CTCTCGAG TCA AGC
ACGGCAGATAGCACGGCAAGCACGCAG-3�) contain-
ing XhoI restriction enzyme site (underlined) and stop codon.
The PCR fragment encoding mature APHC1 was gel-purified,
digested by EcoRI/XhoI, and cloned into the expression vector
pET32b� (Novagen). The resulted construct was checked by
sequencing.
Production of Recombinant APHC1—Recombinant APHC1

was produced as a fusion with a thioredoxin domain. Esche-
richia coli BL21(DE3) cells transformed with the expression
vector were cultured at 37 °C in LB medium containing 100
�g/ml ampicillin up to reaching the culture density of A600
�0.4–0.8. Expressionwas induced by adding isopropyl-1-thio-
�-D-galactopyranoside up to 0.1 mM. The cells were cultured at
25 °C for 12–14 h, harvested, resuspended in the start buffer for
affinity chromatography (300 mM NaCl, 50 mM sodium phos-
phate buffer, pH 8.0), and ultrasonicated. Then lysed cells were
centrifuged for 15 min at 15,000 rpm to remove all insoluble
particles. The supernatant was applied to a TALON Superflow
metal affinity resin (Clontech), and the fusion protein was puri-
fied according to the protocol supplied by the manufacturer.
The hybrid protein was quickly desalted on a Jupiter C5 column
(Phenomenex) 4.6 � 150 mm, using a stepwise gradient of ace-
tonitrile in 0.1% trifluoroacetic acid. The collected fusion pro-
tein was vacuum-dried and dissolved in 0.1 M HCl solution.
Protein cleavage by CNBr was performed overnight at room
temperature with molar ratio CNBr to protein, 600:1. Recom-
binant APHC1 was purified from reaction mixture on reverse-
phase column Jupiter C4 (Phenomenex) 250 � 10 mm. The
purity of the target polypeptide was checked by MALDI-TOF
mass-spectrometry, as well as by N-terminal sequencing.
Oocyte Electrophysiology—Xenopus laevis oocytes were

removed surgically, defolliculated, and injected with 2.5–10 ng
of human TRPV1 cRNA (AJ272063). cRNA transcripts were
synthesized fromNotI-linearized TRPV1 cDNA template (EX-
W1312-B02 from RZPD) using a RiboMAXTM large scale RNA
production system T7 (Promega) according to a protocol for
capped transcripts supplied by the manufacturer. After injec-
tion, oocytes were kept for 2–7 days at 18 °C in ND-96medium
containing (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, 5
HEPES titrated to pH 7.4 with NaOH supplemented with gen-
tamycin (50 �g/ml). Two-electrode voltage clamp recordings
were performed using a GeneClamp 500 amplifier (Axon
Instruments, Union City, CA), and data were filtered at 500 Hz
and digitized at 100 Hz by an AD converter L780 (LCard, Mos-
cow, Russia) using software created in our laboratory. Micro-
electrodes were filled with 3 M KCl solution. Ca2�-free ND-96
containing 0.1mMBaCl2 was used as a bath solution. To induce
ligand-activated currents, short application (20–40 s) of 2 �M
capsaicin (Sigma) solution in Ca2�-free ND-96 supplemented
with bovine serum albumin (0.1%) was used. Each oocyte was
tested first by applying capsaicin solution 3–4 times, and only
the ones with appropriate current amplitude (200–1000 nA)
were used in further experiments.
Animals—Adult male wild-type mice (19–21 g) were used.

The animals were housed at room temperature of 23 � 2 °C
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subjected to a 12-h light-dark cycle with food and water avail-
able ad libitum. Each animal was used for experimentation
once only.
Tail-flick Test—Lyophilized APHC1 was dissolved in 0.9%

sterileNaCl solution and administered intramuscularly into the
root of the tail 100 �l/mouse. Control animals received 0.9%
sterile NaCl solution 100 �l/mouse. For the tail-flick test, the
mouse was restrained in a soft tissue pocket, and the distal half
of the tail was immersed into water heated up to 50 °C. Latency
for tail-flick was measured with a 10-s cutoff time to avoid ani-
mal injury.
Capsaicin-induced Acute Pain—Intraplantar injection of

capsaicin (3 �g/10 �l in 10% ethanol/90% saline) was used to
produce a capsaicin-induced acute pain. Immediately after the
injection of capsaicin, mice were placed inside glass cylinders.
Intraplantar injection of capsaicin evoked a licking and shaking
of the injected paw in mice. The number and duration of epi-
sodes of licking and shaking the paw in response to the injection
were recorded. APHC1was administered intravenously 15min
before capsaicin. Control mice received an equal volume of
0.9% sterile NaCl solution.
Statistic—The significance of the data was determined by

analysis of variance followed byTukey’s test. Data are presented
as mean � S.E.
Serine Protease Inhibitory Activity—The enzymatic activity

of trypsin and chymotrypsin as well as their inhibition by
APHC1 peptide, was measured spectrophotometrically in
96-well plates. Aliquots of trypsin dissolved in 90 �l in 50 mM
Tris-HCl, pH 8.0, at the final concentration of about 0.5 �M
were incubated for 10 min at 37 °C, in the presence of various
concentrations of the peptide. After incubation, the remaining
tryptic activity was determined by the addition of 10 �l of 3 mM
N-a-benzoyl-DL-arginin-p-nitroanilid solution. Kinetics of
paranitroaniline release was measured at 405 nm. For chymo-
trypsin the same incubation buffer was used. After incubation,
the remaining proteolytic activitywas determined by adding 1.3
mM N-benzoyl-L-tyrosine ethyl ester solution. Kinetics of tyro-
sine release was measured at 250 nm. Bos taurus trypsin inhib-
itor (BPTI) was used as control in all experiments. Inhibition
constants for APHC1 were calculated for trypsin and chymo-
trypsin by the method described in Ref. 18.

RESULTS

Isolation of APHC1—Thirty different venoms from poison-
ous animals were tested for TRPV1 inhibition activity. The
screening was performed by two-electrode voltage clamp
standard technique on Xenopus oocytes expressing vanilloid
receptors. The most attractive inhibitory action was noted for
nematocyst ethanol extract from tropical sea anemone
H. crispa. After the inhibitory action was evaluated, the next
step of fractionation was performed up to single active compo-
nent purification.
Polypeptide fractionwas separated froma lot of protein com-

pounds, lipids, pigments, and various organic molecules on
Polychrom-1 chromatographicmedium in accordancewith the
method developed earlier for purification of sea anemone neu-
rotoxins or protease inhibitors (19, 20). Then the cation
exchange separation technique in median acidic pH was used

for gentle purification of active compound. As a result, the
TRPV1 inhibitory fraction, which consisted of about 20 related
components withmeasuredmolecular mass around 6 kDa, was
isolated. The next purification step on a reverse-phase column
was performed in 0.1% trifluoroacetic acid solution. The total
purification procedure is shown on Fig. 1.
Novel sea anemone polypeptide, able to reduce the capsa-

icin-induced response of Xenopus oocytes expressed TRPV1
channels, was named as APHC1. The average molecular
mass estimated by MALDI mass spectrometry was equal to
6187.0 Da.
Primary Structure Determination—Since vinylpyridine alky-

lated APHC1 was produced, the sequence of the first 15 amino
acid residues from the N terminus was recognized by an auto-
matic method: GSICLEPKVVGPCTA. The complete structure
definition was performed by 3-RACE with degenerate primers,
whichwere synthesized according to the structural information
of N-terminal peptide, and universal primer T7Cap (as
described in Ref. 17). PCR fragments (�350 bp) were cloned
into pBS-SK�. Further clone sequencing revealed a variety of
closely relative sequences that had diverse point mutation at 19
positions in �300-bp length consensus; 11 of them are in cod-
ing part. One sequence was chosen as putative APHC1 since it
encoded six Cys family polypeptides. with a calculated average
molecular mass 6187.08 Da and the same N terminus. To con-
firm the sequence, the polypeptide chain of natural APHC1was
subjected to limited enzymatic digestion andMS/MS fragmen-
tation. BothMS/MS spectrum andmolecular weight analysis of
peptide map verify the accuracy of APHC1 mature structure
determination.
5-RACE performed on IngR and T7cap primers followed by

isolation and sequencing of a PCR fragment about 300 bp. This
fragment was aligned with sequence of 3-RACE fragment so
that the complete precursor structure of APHC1 was deduced
together with the 3�- and 5�-untranslated regions (Fig. 2). The
precursor has a very simple organization consisting of signal pep-
tide of 22 amino acids residues and amature chain. No posttrans-
lational modifications were determined.
Primary Structure Homology—APHC1 has a primary struc-

ture highly homologous to BPTI/Kunitz-type trypsin inhibitors
from sea anemones, such as Kunitz-type trypsin inhibitor IV
from H. crispa (Uniprot ID P16344) (85% identities) and
SHPI-1 from Stichodactyla helianthus (Uniprot ID P31713)
(81% identities) (20, 21). Homology with sea anemones is evi-
dent, but what is more important is that APHC1 has the fea-
tures of structure firstly described for protease inhibitor from
bovine pancreas. This disulfide-rich �/� structure is termed
BPTI/Kunitz-type fold. The special features of this fold group
are the length of about 60 amino acid residues, the presence of
6 cysteine residues, glycine in the �2 position to the 2nd cys-
teine, a triplet of aromatic residues close to molecule center,
and a typical location of several aromatic, glycine, and aspara-
gine residues around the 4th cysteine (Pfam database 00014,
cd00109). These structural features correlate with the spatial
polypeptide chain fold in the ellipsoid globule but not with its
functions. A number of polypeptide molecules of different
functions have this fold. Thus, the alignment on Fig. 3 includes
not only the structures of the protease inhibitors but also the
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structure of the K� channel blockers kalicludine 1 (KAL1),
DTX-�, DTXK (50–62% homology with APHC1), and Ca2�

channel inhibitor calcicludine (52% homology with APHC1).
Recombinant Polypeptide Production—To provide sufficient

material for functional investigations, recombinant APHC1
was produced in the prokaryotic expression system. Thiore-
doxin was chosen as the fusion partner for expression since it is
known to ensure high yields of cysteine-containing polypep-
tides with native conformation. A synthetic gene coding for
APHC1 was constructed and cloned into pET-32b(�) expres-
sion vector, and the resulting plasmid (pET-32b�APHC1) was
used to transformE. coliBL21(DE3) cells. Thioredoxin-APHC1
fusion protein production and purification were followed by
CNBr cleavage. The recombinant APHC1 was purified by
reverse-phase high performance liquid chromatography. The
final yield of purified recombinant APHC1 was estimated to be
�0.5mg/l of cell culture. Themolecular weight of recombinant
product was equal to native molecule, and the amino acid
sequence of 5 N-terminal residues was determined as well. The

FIGURE 1. Purification of APHC1. The first separation stage of a dried ethanol
extract of sea anemone H. crispa nematocysts was done on a water-equili-
brated hydrophobic column Polychrom-1 (7 � 30 cm). Fractions were eluted
by stepwise ethanol gradient with a flow rate of 1.2 liters/h. Active fraction
(marked as a gray box on overall separation steps) has been separated on the
second stage by ion exchange chromatography on Bio-Rex 70 column (2.5 �
60 cm). The separation was done in 5 mM ammonium acetate buffer (pH 4.5)

by flow rate 22 ml/h in a linear gradient of NaCl concentration. The third stage
of purification was performed with a flow rate 70 ml/h on the ion exchange
column SP-Sephadex C-25 (2.5�40 cm), with the same 5 mM ammonium acetate
buffer (start buffer, pH 4.5) in combined gradient of NaCl concentration and pH
value. Final purification (stage 4) was achieved on a reverse-phase column Jupiter
C5 (4.6 � 150 mm) in 0.1% trifluoroacetic acid with a flow rate of 1 ml/min using a
linear gradient of acetonitrile concentration.

FIGURE 2. Structure of APHC1 gene determined from cDNA clones
sequences. The signal peptide sequence deduced in the precursor structure
is underlined, and partial N-terminal fragment determined by Edman degra-
dation is shown in bold.

FIGURE 3. Alignment of APHC1 primary structure and BPTI/Kunitz type
polypeptides. a, substitution plot of pairwise residues among APHC1 and
sea anemone trypsin inhibitor SHPI-1 from S. helianthus (21). Amino acid res-
idues essential for inhibitory activity of SHPI-1 as described in Ref. 22 are
marked with a plus sign, and arginine/valine residues that are probably impor-
tant in APHC1 are marked with asterisks. b, multiple alignment of APHC1
amino acid sequence with serine protease inhibitor SHPI-1 from sea anemone
S. helianthus (21); kalicludine 1 (KAL1), K� channel and trypsin inhibitor from
sea anemone Anemonia sulcata (23); two dendrotoxins active on K� channel
DTX � from snake D. angusticeps (24) and DTXK from Dendroaspis polylepis
polylepis (25); BPTI (26); and calcicludine (CAC), a blocker of high threshold
Ca2� channels from snake D. angusticeps (27). Related or similar residues are
shadowed.
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proper peptide folding was checked by experiments on serine
protease inhibition and preliminary electrophysiology tests. In
both tests, the recombinant APHC1 and the natural polypep-
tide were equally active. Moreover, both polypeptides had the
same retention time when they were co-injected on reverse-
phase column. Therefore, the obtained recombinant polypep-
tide was widely utilized in all experiments.
Electrophysiological Study—Capsaicin (2 �M) was used as

channel activator for human TRPV1 channels expressed in
X. laevis oocytes. The inhibition activity was calculated as I/I0,
where I is the ionic current evoked by the co-application of
diluted venom, fractions, or APHC1 with agonist, and I0 is the
ionic current evoked by agonist alone on the same oocyte. Frac-
tions of the first and the second purification steps were able to
reduce capsaicin-induced currents up to 25%, whereas the
active fraction of the third stage was able to reduce capsaicin-
induced currents up to 50%.
Purified APHC1 was shown to be a partial inhibitor of

TRPV1 capsaicin-induced ionic currents inmost of the oocytes

(Fig. 4). There was no difference in APHC1 action on TRPV1
when it was co-applied with capsaicin or when a 2-min prein-
cubation with APHC1 was performed before the capsaicin/
APHC1 application. APHC1 alone (without capsaicin) did not
affect TRPV1.
APHC1 binding seems to be completely reversible since a

2-min wash recovered capsaicin-induced currents to the con-
trol level. Usually the difference between the control and test
applications was observed only in the response amplitude.
Dose-response analysis of an inhibitory activity of recombinant
APHC1 estimates the maximal inhibitory effect 32 � 9%, half-
maximal effective concentration (EC50) 54 � 4 nM, and Hill
coefficient 2.12 � 0.19. Increasing APHC1 concentrations (up
to 3.2�M) or crude fractions of venomdidnot provide complete
inhibition of capsaicin induced currents. The maximal
observed inhibition was about 50% at concentrations �300 nM
but did not occur in every oocyte.
Thus, APHC1 takes an effect on TRPV1 as a modulator and

not as a real blocker. So far as APHC1 has significant homology
with serine protease inhibitors and also has a weak protease-
inhibiting activity, we carried out additional study of protease
inhibitor BPTI influence on capsaicin-induced currents. Since
no effect was detected, indirect action of APHC1 on TRPV1 via
intermediate systems was excluded.
In Vivo Studies—Lyophilized APHC1 dissolved in NaCl

saline did not provide any toxic effects on mice up to 1 mg/kg.
Tail-flick Test—Thebasal reaction time of tested animalswas

in 2.5–4-s range. Intramuscular administration of APHC1 (0.1
mg/kg) in root of tail considerably increased the tail-flick
latency when compared with the saline-treated control (Fig.
5A). Significant antinociception effect began within 2 h follow-
ing the injection, lasted all the remaining observation time (3 h),
and reachedmaximal effect 3 h after administration. The effect
began to growweak at the time between the 4th and 5th hour of
observation, and in the 5th hour, the experimental data the
degree of the difference of the experimental data from the con-
trol one was not high enough (p � 0.06).
Capsaicin-induced Pain-related Behavior—Intraplantar

injection of capsaicin rapidly produced distinct paw-licking
behavior, mediated by direct activation of local TRPV1 recep-
tors. Intravenous administration of APHC1 (0.1 mg/kg) 15min
before capsaicin injection significantly reduced capsaicin-in-
duced pain-related behavior (Fig. 5, B and C).
Serine Protease Inhibition—APHC1 shows a very weak inhi-

bition of trypsin and chymotrypsin activity. Only 8-fold molar
excess of APHC1 over trypsin provides complete inhibition of
paranitroaniline release from N-a-benzoyl-DL-arginin-p-ni-
troanilid substrate. The same APHC1 excess over chymotryp-
sin reduces enzyme activity only to 50%.At the same time, BPTI
completely blocks trypsin/chymotrypsin in molar ratio 1:1.
Constants (Ki) and inhibition types of APHC1were determined
with the Dixson method (18); trypsin inhibition was competi-
tive with Ki � 1 � 10�6, but chymotrypsin inhibition was non-
competitive with Ki 	 5 � 10�6.

DISCUSSION

Stings of poisonous animals usually evoke a sensation of pain.
In some cases, this sensation is connectedwith venompeptides.

FIGURE 4. Action of APHC1 on TRPV1 channels. A and B, application traces
of capsaicin (Caps) alone and capsaicin mixed with purified natural APHC1
(final concentration 500 nM) (A) or with recombinant (rec.) APHC1 (final con-
centration 300 nM) (B). Channels were activated by 2 �M capsaicin 35 s (A) or
20 s (B) before washing, and oocytes were held at �50 mV. C, dose-response
curve for APHC1 inhibitor activity on capsaicin-activated TRPV1 channels. The
abscissa axis represents the ratio of ion current evoked by co-application of
agonist and APHC1 (I) to ion current evoked by agonist alone (Io) on the same
oocyte. Each point represents the mean � S.E. with n � 4 – 8.
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So peptide vanillotoxins isolated from tarantula venom were
shown to activate the TRPV1 channels and produce pain (11).
Tentacle extract of jellyfish also provokes TRPV1 activation
comparable with the action of capsaicin (12). Along with acti-
vators, two polyamine inhibitors of TRPV1 channels were iden-
tified in the spider venom (14), whereas polyamines such as
spermine, spermidine, and putrescine directly activatedTRPV1
in a charge-dependent manner (28).
Sea anemones also produce a sensation of pain after contact

with a victim.These coelenterates have large tentacles that con-
tain venom-producing nematocysts, which are well known
sources for the isolation of toxic proteins including pore-form-
ing cytolysins (29, 30), phospholipases (31), Na�-channel tox-
ins (32, 33, 34), K�-channel inhibitors (23, 35, 36, 37), acid-
sensing ion channels inhibitor (16) and proteinase inhibitors
(20, 21, 38).
It was suggested that the mixture of sea anemone toxins act-

ing on Na� and K� channels has destructive neurotoxic effects
due to a massive release of neurotransmitters and a resulting
break of the signal transduction process. In addition, sea anem-
one cytolysins and phospholipases produce massive cytolytic
effects on different cells (30, 39) that cause tissue damage and
inflammation. In viewof the pain-producing effect of sea anem-
one, it was interesting to find in the sea anemone extract a
molecule that down-regulates such an important integrator of
various pain and inflammation stimuli as TRPV1. There are

several possible explanations for this phenomenon. One of
them is that sea anemone nematocysts can provide an array of
peptide components with distinguished activity. Another pos-
sibility is that a single peptide can activate or inhibit more than
one ion channel.
APHC1 as Analgesic Agent—TRPV1 antagonists can appar-

ently produce pain relief during a number of pathological
states. Extensive research of small molecule inhibitors of
TRPV1 provides intriguing evidence that TRPV1 blockade can
be a useful therapeutic approach for inflammation, cancer, and
possibly neuropathic pain (13, 40).
APHC1 showed significant antinociception to noxious ther-

mal stimuli since it efficiently prolonged the latencies of tail
withdrawal in a 50 °C tail-flick test (Fig. 5A). This anesthetic
effect has been observed in a minimal dose of 0.05 mg/kg (data
not shown). At a dose of 0.1 mg/kg, the difference of tail-flick
latency for APHC1-treated and control mice was close to the
reported latency for TRPV1 knock-out mice (8). However, the
possible additional influence of APHC1 on other thermal noci-
ception pathways should not be excluded. Only several small
molecule TRPV1 antagonists have been reported to provide
antinociception in the tail-flick test (N-(4-chlorobenzyl)-N-(4-
hydroxy-3-iodo-5-methoxybenzyl) thiourea (41)) and/or in the
hot plate test (DD161515, DD191515 (42)). SoN-(4-chloroben-
zyl)-N-(4-hydroxy-3-iodo-5-methoxybenzyl) thiourea is essen-
tial for prolongation of tail-flick latency at about �30–60
mg/kg, and DD161515 and DD191515 are also active in high
dose (0.2 mmol/kg). The analgesic effect produced by intra-
muscular administration of APHC1 appears slowly (within 1–2
h after injection) but is extended for up to more then 2 h, sug-
gesting that APHC1 may have rather a long pharmacokinetic
half-life, and its diffusion in organism is quite slow, which is
typical for the most part of polypeptide molecules.
Capsaicin is a selective agonist of TRPV1 receptor (8). There-

fore, we tested whether APHC1 was capable of blocking capsa-
icin-induced behavior. Intravenous administration of APHC1
was used to provide quick distribution of the polypeptide in the
organism. Doses of 0.1 mg/kg APHC1 significantly suppressed
the capsaicin-induced behavior. Significant antinociception to
capsaicin and noxious thermal stimuli could be an evidence of
the fact that APHC1 in small doses essentially blocks TRPV1
in vivo.
Polypeptide ligands specific to TRPV1 can be of great impor-

tance as research tools or pro-drugs. To our knowledge, no
selective polypeptides inhibiting TRPV1 have been reported so
far. It is known that high positively charged lysine/arginine-rich
peptides interacting with some Ca2� channels also provide
nonselective binding to TRPV1 (43).
Mode of Action—To date, TRPV1 is considered as a poly-

modal detector of noxious physical and chemical stimuli (44).
Vanilloid receptor can be directly activated by various ligands
(exogenous (capsaicin, EC50 � 0.7 �M, resiniferatoxin, EC50 �
40 nM and others) as well as endogenous (anandamide and oth-
ers)), by heat (
43 °C), and by extracellular protons (pHout �
6.5) (13). TRPV1 is sensitive to some chemical compounds of
various nature, including inflammatory agents (13), polyamines
(28), and venoms of jellyfish (12) and spiders (11). APHC1
interaction with TRPV1 channels results in reduction of capsa-

FIGURE 5. Analgesic (antinociception) effect of a recombinant APHC1.
A, tail-flick test. Latency indicates the delay of tail-flick response after one
intramuscular administration of APHC1 (0.1 mg/kg) into wild-type mice,
n � 5. B and C, attenuation of mice capsaicin-induced behavior by intra-
venous administered APHC1 (0.1 mg/kg), n � 7. Results are presented as
mean � S.E., ***, p � 0.005, **, p � 0.01, *, p � 0.06 versus control (analysis
of variance and Tukey’s test).
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icin-induced responses. It is most likely that APHC1 action
occurs through receptor extracellular domains, which form a
channel vestibule. It is also highly probable that the pore of the
channel remains free, otherwise complete blockade could
occur, as reported for channel blocker Ruthenium Red (45).
APHC1 was found to be high affinity (EC50 � 54 � 4 ı́M) but

not very potent (maximum observed inhibition �50%, maxi-
mum mean inhibition 32 � 9%). Rabbit anti-rat TRPV1 poly-
clonal antibodies (Ab-156H) specific to the TRPV1 loop (con-
sidered as pH sensor) have something similar in inhibition
result to APHC1. These antibodies were not able to block com-
pletely capsaicin- and anandamide-induced response in satu-
rating concentrations and had maximum inhibition of �55%
(46). Most likely, APHC1 shares the mechanism of action sug-
gested to Ab-156H that probably partially locks the channel
conformation in the closed state. Other molecules that are
likely to affect TRPV1 through extracellular prepore regions are
vanillotoxins (11) DD161515, DD191515, H-Arg-15-15C, and
arginine/lysine-rich peptides (42, 43, 47). The ability of APHC1
to inhibit the activity of serine proteases is apparently not able
to influence channel response that was indirectly proved in
experiments with BPTI-TRPV1 interaction.
Spatial Structure and Functional Important Residues—The

structure of APHC1, like proteinase inhibitors or K�-channel
inhibitors, has a BPTI/Kunitz-type fold that was extensively
studied on BPTI and dendrotoxin models (48, 49, 50). As men-
tioned above, various molecules with different functions from
diverse species have this fold. BPTI is the most potent trypsin
inhibitor; snake dendrotoxins (DTX I, DTXK, DTX�) are some
of the most potent K�-channel blockers (49, 50). Calcicludine
from Dendroaspis angusticeps snake venom is a potent blocker
of high voltage-activated calcium L-type ion channels (27), as
are protease inhibitors from artropoda, vertebrata, and sea
anemones K�-channel blockers from sea anemone (23). The
fact that distinct phyla adopt the same fold for the similar func-
tions underlines that this fold gives significant advantages in a
compact variable binding site construction. APHC1, which
modulates activity of TRPV1, should also be added to the list of
molecules with this fold. Despite the high primary structure
homology with trypsin inhibitor SHPI-1, most of the functional
important residues of APHC1 are changed. So 4 out of 6 amino
acid residues, apparently important for protease inhibition (Fig.
3), differ in APHC1 and SHPI-1. On SHPI-1, NMR-determined
spatial structure (Fig. 6) shows that these 6 residues form a
mutual surface that interacts with the enzyme cleft and its envi-
ronment. It is likely that two residues of APHC1, which
remained unchanged, retain, together with other residues, an
ability of the molecule to interact with proteolytic enzymes.
Thus, inhibition constants for trypsin and chymotrypsin are
decreased more than 1000 times: APHC1 �10�6; 5 � 10�6,
respectively (measured in this work) in comparison with
SHPI-1 �10�10, 2,3 � 10�9 (51).

Alignment and spatial structure analysis revealed potential
residues necessary for TRPV1 binding. We are of the opinion
that these are Arg-18, Arg-48, and Val-31 (shown in Fig. 3 as an
asterisk and shown in Fig. 6 as blue). Their side chains are
located on the samemolecule interface and oriented outside. It
is known that a combination of positively charged and hydro-

phobic residues often form active sites of toxin, for example, K�

channel blockers (49, 50). Some authors also reported that argi-
nine/lysine-rich peptides and peptoid molecule have moderate
blockade potency on TRPV1 channel in in vitro and in vivo
experiments (42, 43, 47). In our opinion, one or several posi-
tively charged residues may be in an active site of APHC1, too.
Wewant to underscore that active sites of two highly homol-

ogous molecules SHPI-1 and APHC1 are probably located on
different molecular interfaces. The same fact was reported for
active sites of kalicludines that were found to have K� channel
blocker interfaces together with the trypsin inhibitor site.
Finally, we would like to highlight that APHC1 is the first
polypeptide inhibitor of TRPV1 channels and can play a great
role in further studies of TRPV1 properties, as well as a model
for designing a new generation of analgesic drugs.
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